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Abstract 
Acetogens are attractive organisms for the production of chemicals and fuels from 
inexpensive and non-food feedstocks such as syngas (CO, CO2 and H2). Expanding their 
product spectrum beyond native compounds is dictated by energetics, particularly ATP 
availability. Acetogens have evolved sophisticated strategies to conserve energy from 
reduction potential differences between major redox couples, however, this coupling is 
sensitive to small changes in thermodynamic equilibria. To accelerate the development of 
strains for energy-intensive products from gases, we used a genome-scale metabolic model 
(GEM) to explore alternative ATP-generating pathways in the gas-fermenting acetogen 
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Clostridium autoethanogenum. Shadow price analysis revealed a preference of C. 
autoethanogenum for nine amino acids. This prediction was experimentally confirmed 
under heterotrophic conditions. Subsequent in silico simulations identified arginine (ARG) as 
a key enhancer for growth. Predictions were experimentally validated, and faster growth 
was measured in media containing ARG (tD~4 h) compared to growth on yeast extract 
(tD~9 h). The growth-boosting effect of ARG was confirmed during autotrophic growth. 
Metabolic modelling and experiments showed that acetate production is nearly abolished 
and fast growth is realised by a three-fold increase in ATP production through the arginine 
deiminase (ADI) pathway. The involvement of the ADI pathway was confirmed by 
metabolomics and RNA-sequencing which revealed a ~500-fold up-regulation of the ADI 
pathway with an unexpected down-regulation of the Wood-Ljungdahl pathway. The data 
presented here offer a potential route for supplying cells with ATP, while demonstrating the 
usefulness of metabolic modelling for the discovery of native pathways for stimulating 
growth or enhancing energy availability. 
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1. Introduction 
Gas fermentation has emerged as an attractive alternative for renewable and sustainable 
production of fuels and chemicals from abundant, inexpensive and non-food-based 
feedstocks e.g. industrial waste gases, syngas (CO/CO2 and H2) and methane (Bertsch and 
Müller, 2015; Daniell et al., 2012; Dürre and Eikmanns, 2015; Köpke et al., 2011; Latif et al., 
2014; Liew et al., 2016b). Production of fuels and chemicals via gas fermentation does not 
compete for arable land and food resources, in contrast to using farmed sugars as 
feedstock. Furthermore, gas fermentation offers high product versatility while capturing 
carbon that would otherwise be released into the atmosphere. Syngas fermentation is 
particularly interesting as CO and H2 are energy-rich, and many low-cost syngas sources are 
available. Since gases can be derived from a variety of sources, including industrial 
processes and gasification of carbonaceous waste, gas fermentation provides a robust 
platform for the production of a wide variety of fuels and chemicals. As the technology 
advances, gas fermentation could potentially be used to produce many of the chemicals 
identified by the US Department of Energy as important for the transition to a bio-based 
economy (Cueto-Rojas et al., 2015). 
Acetogenic clostridia are the ideal biocatalysts for gas fermentation since they can 
autotrophically grow on gas as their sole carbon and energy source using the Wood-
Ljungdahl pathway (WLP) (Fuchs, 2011; Ragsdale and Pierce, 2008; Wood, 1991). From the 
many acetogens, Clostridium autoethanogenum is a promising gas-fermenting biocatalyst 
used at industrial scale (Liew et al., 2016b). C. autoethanogenum natively produces acetate, 
ethanol, 2,3-butanediol and lactate as by-products of growth (Abrini et al., 1994; Köpke et 
al., 2011; Marcellin et al., 2016). In most cases, the majority of carbon (both during hetero- 
and autotrophic growth) is excreted as acetate to restore ATP balance in the WLP, which is 
an unwanted carbon loss in a bioprocess. However, it seems that acetate excretion per se is 
not hard-wired into acetogenic metabolism as both process optimization (Abubackar et al., 
2016, 2015; Richter et al., 2013) and genetic engineering (Huang et al., 2016; Liew et al., 
2016a) approaches have successfully abolished acetate excretion. 
Future biorefineries need to be versatile and rely on the production of several 
products. Expanding the product spectrum of acetogens through rational designs is 
therefore essential. In particular, for production of energy-intensive molecules from gas, 
limitation in ATP availability is a challenge in the design of new strains, as acetogenic 
metabolism operates at the thermodynamic edge of life (Bertsch and Müller, 2015; Ragsdale 
and Pierce, 2008; Schuchmann and Müller, 2014). Thus, to accelerate engineering of 
efficient biocatalysts that avoid by-products such as acetate, alternative ATP-generating 
pathways need to be explored. 
Genome-scale metabolic models (GEMs) have become an essential part of metabolic 
engineering and systems biology analysis of cells. GEMs combine a general metabolic 
reconstruction capturing the stoichiometry of all known metabolic reactions in a given 
organism with appropriate boundary values and an optimality criterion for a specific 
question of interest. GEMs can, for instance, predict phenotypes, explain metabolic switches 
and estimate intracellular flux patterns (Bordbar et al., 2014; Dash et al., 2016; O’Brien et 
al., 2015). In conjunction with shadow price analysis (Hillier and Lieberman, 2010), GEMs 
have been used to determine substrates, metabolites or products having the biggest effect 
on ATP production (Teusink et al., 2006) or cell growth (Varma et al., 1993). The shadow 
price is the incremental change in the objective function when a constraining boundary flux 
is incrementally changed. 
In this work, we refined a previous C. autoethanogenum GEM (Marcellin et al., 2016) 
and used it to identify in silico alternative ATP-generating pathways and growth-boosting 
nutrients for C. autoethanogenum. In silico simulations were validated experimentally and 
arginine (ARG) in particular was found to significantly boosts both hetero- and autotrophic 
growth of C. autoethanogenum. Importantly, ARG addition almost abolishes acetate 
production due to the stoichiometric generation of ATP from ARG catabolism through the 
arginine deiminase (ADI) pathway, as demonstrated by RNA-sequencing. Growth on CDM 
also enabled analysis of carbon, energy and redox balances using the refined GEM. 
 
2. Materials and Methods 
 
2.1 Bacterial strains and growth conditions 
 
Clostridium autoethanogenum strain DSM 10061 was obtained from DSMZ (The German 
Collection of Microorganisms and Cell Cultures) and used in heterotrophic growth 
experiments. Additionally, a derivate C. autoethanogenum strain was used in autotrophic 
growth experiments (U.S. Patent Application Publication No. 2013/0217096). 
Cells were grown on PETC-MES medium without yeast extract (YE), unless otherwise 
stated and supplemented with various formulations of amino acids (AAs). See 
Supplementary material for media composition. For heterotrophic growth experiments, the 
medium was supplemented with 5 g/L of fructose (as carbon source) and 0.4 g/L of cysteine-
HCl·H20 (CYS; as reducing agent); for autotrophic growth experiments, the medium was 
supplemented with 0.4 g/L of CYS and Na2S (as reducing agents), and the Schott bottle 
headspace was pressurised to 22 psi of CO/CO2/H2 gas mix (composition: 50% CO, 18% CO2, 
3% H2, 29% N2). 
All cultures were performed using standard anaerobic techniques (Hungate, 1969; 
Wolfe, 1971). Heterotrophic growth experiments on 20AA, 12AA and standard PETC-MES 
(including YE, 2 g/L) media were carried out with a starting volume of 50 mL in 125 mL 
serum bottles under anaerobic conditions inside an anaerobic chamber at 37 oC without 
shaking. 
Heterotrophic growth experiments on 4AA and ARG media, and also on standard 
PETC-MES (including YE, 2 g/L) were carried out in 1.4 L Multifors bioreactors (Infors AG) 
controlled by bioreactor control software Iris NT (Infors AG). The system was equipped with 
mass flow controllers (MFCs), pH, ORP and temperature sensors, and connected to a Hiden 
HPR-20-QIC mass-spectrometer (Hiden Analytical) for on-line off-gas analysis. Cells were 
cultured at 37 oC, pH 5.7 (maintained by titration with 5 M NH4OH and 5 M H3PO4) under 
anaerobic conditions ensured by agitation at 200 rpm and sparging with nitrogen at ~200 
mL/min. CO2 was fed to the bioreactors for the first hours after inoculation to avoid a lag 
phase. 
Autotrophic growth experiments on YE-free PETC-MES were carried out with a 
starting volume of 40 mL in 1 L Schott bottles under anaerobic conditions at 37 oC with 
orbital shaking at 120 rpm.  
 
2.2 Growth characteristics 
 
Cellular doubling times reported (tD, h) are the average of the balanced growth phase during 
exponential growth. Consumption and production yields per biomass (mmol/gram dry cell 
weight (DCW)) for AAs, fructose and other extracellular metabolites (see below) were 
estimated by linear regression between the respective metabolite (mmol/L) and biomass 
concentrations (gDCW/L) measured during the balanced growth phase. Production of CO2 
per biomass (mmol/gDCW) was calculated using linear regression between CO2 (mmol/h) 
and biomass production rates (gDCW/h) measured during the balanced growth phase. All 
consumption and production yields (mmol/gDCW) were divided by the measured tD (h) to 
derive specific rates (mmol/gDCW/h) used as input data for metabolic modelling. 
 
2.3 Analytical methods 
 
2.3.1 Exo-metabolome analyses 
 
Exo-metabolome analyses were carried out from filtered broth samples stored at -20 oC 
until analysis. Organic acids, carbohydrates, and alcohols were quantified by ion-exclusion 
chromatography using HPLC. AAs, including CYS, were quantified using a new high-
throughput method. See Supplementary material for details. 
 
2.3.2 Biomass concentration analysis 
 
Biomass concentration (expressed in gram dry cell weight per litre; gDCW/L) was 
determined by measuring the optical density (OD) of the culture at 600 nm after the 
correlation coefficient (K) between culture OD and dry cell weight was measured to be 0.34 
(Biomass concentration = OD x K), as described in Peebo et al., 2014. The coefficient of 
variation between technical replicates was ~2%. 
  
2.4 Genome-scale metabolic modelling 
 
2.4.1 Metabolic reconstruction process 
 
The genome-scale metabolic model (GEM) was reconstructed previously by Marcellin et al., 
2016 and refined here. The core metabolic pathways were reconstructed based on the SEED 
model annotation pipeline (Henry et al., 2010). The model was then manually curated with 
metabolic pathways and enzyme specificities unique to C. autoethanogenum based on the 
works of Brown et al., 2014; Mock et al., 2015; Perez et al., 2013; Wang et al., 2013. It is 
important to note that three assumptions were made: 1) methylene-tetrahydrofolate 
reductase (CAETHG_1614-15) is an NAD-specific electron-bifurcating and ferredoxin (Fd) 
reducing enzyme (Mock et al., 2015); 2) membrane-bound, multi-subunit Fd-NAD+ 
oxidoreductase Rnf complex translocates 2H+/reduced Fd (Perez et al., 2013); 3) a 
conservative 4H+/ATP stoichiometry for the ATP synthase was assumed (Ferguson, 2010). 
Special care was taken in the curation of AA biosynthesis and degradation pathways 
since they are specific targets for exploring alternative ATP generating pathways. The KEGG, 
BioCyc and BRENDA databases were used during the curation process as these databases 
help to identify gene-to-protein annotations and the possible presence of promiscuous 
enzymes. The metabolic network of C. autoethanogenum was also compared with GEMs of 
other Clostridial species (i.e. Clostridium ljungdahlii (Nagarajan et al., 2013), Clostridium 
beijerinckii (Milne et al., 2011), Clostridium acetobutylicum (Lee et al., 2008; Senger and 
Papoutsakis, 2008) and Clostridium sticklandii (Fonknechten et al., 2010) to compare 
genome annotations and assist in gap-filling. The final curated model was tested for the 
ability of cellular growth in both autotrophic and heterotrophic conditions. The SBML model 
file for the GEM iCLAU786 can be downloaded from the Supplementary material. 
 
2.4.2 Biomass composition 
 
Details of the C. autoethanogenum biomass composition used in our GEM and the 
respective biomass reaction can be seen in Table S1. As the complete macromolecular 
biomass composition of C. autoethanogenum has not been reported, it was approximated 
from C. acetobutylicum (Lee et al., 2008). In short, protein composition was taken from C. 
acetobutylicum (Lee et al., 2008) while DNA composition was inferred from the G+C content 
of C. autoethanogenum (Brown et al., 2014). RNA was assumed to consist of 5% mRNA, 75% 
rRNA and 25% tRNA (Kjeldsen and Nielsen, 2009) and the nucleotide composition of rRNA 
and tRNA were obtained from genomic sequences of ribosomal rRNA units (5S, 16S and 23S) 
and sequences of CYS and valine transfer RNAs, respectively. mRNA composition was 
assumed to be the same as genomic DNA. The rest of the macromolecular breakdown 
followed the reasoning of previous models of C. beijerinckii (Milne et al., 2011), C. 
acetobutylicum (Lee et al., 2008; Senger and Papoutsakis, 2008) and C. ljungdahlii 
(Nagarajan et al., 2013) (Table S1). 
 
2.4.3 Maintenance energy 
 
The stoichiometric network does not account for maintenance energy (e.g. protein 
turnover, futile cycles). Growth-associated maintenance (GAM) and non-growth associated 
maintenance (NGAM) were estimated from literature values as experimental values for 
these parameters are unknown for C. autoethanogenum. A literature search of other 
Clostridial species showed values between 42-56 mmol ATP/gDCW (Bahl et al., 1982; 
Canganella et al., 2002; Meyer and Papoutsakis, 1989) and 3.5-14.5 mmol ATP/gDCW/h 
(Bahl et al., 1982; Meyer and Papoutsakis, 1989) for GAM and NGAM, respectively. We 
decided to set the GAM and NGAM values to approximate the means at 47 mmol 
ATP/gDCW and 8.4 mmol ATP/gDCW/h, respectively, also taking into account the NGAM 
value of 8.4 mmol ATP/gDCW/h used for Escherichia coli (Feist et al., 2007). To facilitate 
growth on fructose solely (used as the control; SIM1) and to study single AA 
supplementation effects on growth (SIM3a-t), we lowered the NGAM value to 2.5% of the 
GAM (~1 mmol ATP/gDCW/h) as suggested by Lee and colleagues (Lee et al., 2008). 
GAM and NGAM values were used in the predictions for amino acid preferences and 
cellular doubling times (SIM1-5). In model calculations of experimental data analysis (SIM6-
13), maintenance energy parameters were not used as constraints as the aim was to 
calculate the total unaccounted ATP cost (by maximising ATP dissipation, see below). 
 
2.4.4 Flux balance analysis 
 
We used flux balance analysis (FBA; Orth et al., 2010) to predict amino acid preferences, 
cellular doubling times, calculate unaccounted ATP costs and perform shadow price analysis. 
All simulations were conducted using the COBRA Toolbox (Schellenberger et al., 2011) as a 
programming platform with Gurobi (Gurobi Optimization Inc.) as the linear programming 
solver. Details of the calculations are presented in sections 3.2 and 3.8, but briefly: to 
predict amino acid preferences, cellular doubling times and perform shadow price analysis, 
maximisation of biomass yield (converted to specific growth rate by using the pre-set 
specific substrate uptake rate) was used as the objective function; for analysis of 
experimental data, ATP dissipation was maximised (i.e. unaccounted ATP costs; see section 
3.8) by constraining the GEM with experimental data of specific substrate uptake and 
product production rates (excluding citrulline and CO2) and tD. FBA results for all simulations 
identified as SIMx (e.g. SIM1) in the text can be found in Supplementary tables S2, S3 and 
S4. 
 
2.5 Transcriptome analysis 
 
Transcriptome analysis of biological duplicate C. autoethanogenum bioreactor cultures 
growing heterotrophically on 4AA medium (see section 3.2 for details) was conducted using 
RNA-sequencing. During the balanced growth phase and uptake of all 4AAs (based on exo-
metabolomics), ~35 mL of ~0.3 gDCW/L culture was collected, pelleted (5000 × g for 3 min 
at 4 oC) and resuspended in 5 mL of RNAlater (Qiagen). The sample was stored at 4 oC 
overnight, centrifuged (4000 × g for 10 min at 4oC) and the pellet stored at -80 oC until 
further processing. Frozen pellets were thawed, total RNA extracted, and mRNA libraries 
prepared as described in Marcellin et al., 2013. Sequencing was performed using an Illumina 
Hiseq-2000 sequencer. 
Gene expression patterns on 4AA medium were compared against RNA-seq data of 
the same C. autoethanogenum strain (DSM 10061) grown heterotrophically on standard 
PETC-MES (including YE) and published previously (Marcellin et al., 2016). Sequencing reads 
of both heterotrophic conditions were trimmed to avoid reading errors and then 
aligned/realigned to the genome using TopHat2 (Kim et al., 2013) with two mismatches 
allowed per read alignment. Transcript abundances were estimated using the FPKM 
function from Cufflinks using upper quartile normalisation. CuffDiff was used to estimate 
differentially expressed transcripts, and Cuffnorm was used for data normalisation. A q-
value lower than 0.05 (using false discovery rate; Benjamini and Hochberg, 1995) was used 
to determine significant gene expression changes. Results of the RNA-sequencing analysis 
are presented in Table S5. 
 
3. Results and Discussion 
 
3.1. Reconstruction of the genome-scale metabolic model iCLAU786 
 
The refined GEM iCLAU786 presented here consists of 1109 biochemical reactions and 1097 
metabolites; within the biochemical reactions, 883 are bioconversion reactions, 160 are 
transmembrane transport reactions, and 66 are external exchange reactions. The 
proportion of reactions with assigned ORFs is 72%. The functionality of iCLAU786 was 
initially validated by successfully simulating heterotrophic and autotrophic growth on 
several known substrates (Abrini et al., 1994). As expected based on its genome annotation, 
our model was able to generate all 20 AAs (see below for fructose only results). 
 
3.2 Shadow price analysis predicts the preference for nine amino acids 
 
Once the GEM iCLAU786 was constructed and refined, we first performed shadow price 
analysis (Hillier and Lieberman, 2010) in conjunction with FBA (Orth et al., 2010) to 
investigate the beneficial effects of AAs on ATP production and heterotrophic growth of C. 
autoethanogenum. 
Conventional shadow price analysis can be misleading with AAs. If shadow price 
analysis is performed around autotrophic conditions (i.e. at zero uptake), it will show the 
opportunity cost of AA synthesis, i.e., the resources that could be released if a given AA was 
supplied by the medium. The most expensive AA to synthesise is not necessarily the best 
substrate for ATP production. For example, there may be no degradation pathway available. 
In order to overcome this issue, we performed an offset shadow price analysis. Each 
of the 20 AAs were allowed a maximum flux of 1.4 mmol/gDCW/h while maximising for 
biomass yield. This flux is the observed maximal specific fructose uptake rate of C. 
autoethanogenum DSM 10061 during preliminary growth experiments on standard PETC-
MES medium (including YE) and fructose. AAs with no degradation pathway cannot utilise 
the maximum allowed flux and hence will have zero shadow price. Shadow price analysis 
identified nine AAs—glutamine, histidine (HIS), CYS, threonine, aspartate (ASP), ARG, 
glycine, serine and glutamate (GLU)—from the conventional 20 which C. autoethanogenum 
should prefer as they lead to faster growth (Fig. S1A). 
We next explored if AA catabolism in C. autoethanogenum could be coupled to 
energy production and growth using FBA. On fructose alone, the predicted doubling time 
(tD) was 13.8 h (SIM1). FBA results for all simulations identified as SIMx (e.g. SIM1) in the 
text can be found in Supplementary tables S2, S3 and S4. When 20 AAs were additionally 
provided, faster growth (tD=2.9 h) was predicted (SIM2), and all nine AAs with non-zero 
shadow price were consumed at the maximum 1.4 mmol/gDW/h, while all other AAs were 
consumed in line with anabolic requirements (Fig. S2A). Finally, we demonstrated that each 
of the nine AAs used individually can contribute significantly to faster growth (Fig. S2B; 
SIM3a-t). We next sought to test the former predictions experimentally. 
 
3.3 Heterotrophic growth experiments confirm the preference for eight amino acids 
 
We tested the model predictions by growing C. autoethanogenum DSM 10061 anaerobically 
in serum bottles on YE-free PETC-MES heterotrophically on fructose supplemented with all 
20 conventional AAs (termed 20AA medium; see Supplementary material). The prediction of 
AA preferences by our model was confirmed for eight of the predicted nine AAs (Fig. S1B), 
excluding only glycine. Notably, uptake of ASP, GLU, HIS and ARG per biomass was >20-fold 
higher than needed for biomass synthesis (comparing AA uptake per biomass with its 
expected concentration in biomass, based on Lee et al., 2008 measurements in C. 
acetobutylicum). To better understand the effects of AAs on growth, we next formulated a 
12AA medium by omitting AAs not consumed or consumed slowly and increasing the 
concentrations of ASP, GLU, HIS and ARG. 
Heterotrophic experiments on 12AA medium showed the preference of C. 
autoethanogenum for ASP, GLU, HIS, ARG and serine, and further indicated that ARG was 
the preferred AA (Fig. S3A). The data also suggests very fast growth (tD=2.5±0.1 h [average 
absolute deviation]) when the latter five AAs were abundant and growth abruptly slowed 
down (tD=16.6±3.5 h) after ARG was exhausted (compare Figs. S3A and B). The observations 
that the uptake of ASP, GLU, HIS and ARG was >120-fold higher than needed for biomass 
synthesis and that they enable significantly faster growth indicate their potential 
involvement in energy generation. Interestingly, concomitantly with ARG consumption 
during the fast growth phase, accumulation of ornithine was detected (Fig. S3A) pointing 
towards the potential involvement of the ADI pathway in providing cells with extra ATP. 
It is noteworthy that the initially observed fast growth (tD=2.5±0.1 h) is very close to 
the predicted growth with 20 AAs (tD=2.9 h) using our GEM iCLAU786 (see section 3.2). As 
ASP, GLU, HIS and especially ARG were preferred by C. autoethanogenum, we next 
investigated in silico and experimentally whether supplementing YE-free PETC-MES 
(including CYS) with these four AAs or only ARG could support fast growth. 
 
3.4 Arginine, aspartate, glutamate and histidine boost heterotrophic growth of C. 
autoethanogenum 
 
For simulating heterotrophic growth in silico on ASP, GLU, HIS, ARG and on ARG alone we 
constrained the specific uptake rates of ASP, GLU, HIS and CYS (as it existed in our YE-free 
PETC-MES as the reducing agent) to the same value of 1.4 mmol/gDCW/h as described 
above, but used 10 mmol/gDCW/h for ARG as it appeared to be consumed ~7-times faster 
than the former four AAs in 12AA medium experiments. These model calculations predicted 
that supplementing the YE-free PETC-MES additionally with ASP, GLU, HIS, ARG or only with 
ARG supports fast growth of C. autoethanogenum in both cases: tD=2.5 h for 4AA (SIM4) and 
tD=4.1 h for ARG (SIM5). These values are close to the doubling times predicted for 20AAs 
and measured on 12AA medium during the initial fast growth phase (see above). 
We next supplemented the YE-free PETC-MES with 4AAs (ASP, GLU, HIS, ARG) and 
with only ARG to test if indeed these AAs could support fast growth. These heterotrophic 
experiments were carried out in bioreactors to maintain a constant pH and to have on-line 
analysis of cellular CO2 production and thus enable accurate carbon balance analysis. 
Biological duplicate cultures were grown anaerobically at pH 5.7 and 37 oC. The standard YE-
containing PETC-MES medium was run in parallel for comparison. 
Substantially faster growth was measured in 4AA medium (tD=2.8±0.1 h) and when 
only ARG was supplemented (tD=3.7±0.1 h) compared to YE (tD=9.2 h) (Fig. 1A). Both values 
match predictions from GEM iCLAU786 as described above. In Lactococcus lactis, ARG can 
be consumed in parallel with a sugar or after sugar depletion depending on the sugar 
(Poolman et al., 1987). Here, all four AAs or only ARG and fructose were consumed 
simultaneously (Fig. S4). 
Importantly, these experiments with significantly elevated ARG concentration 
compared to previous media clearly proved that ARG is the main growth-boosting AA as 
growth abruptly slowed down after ARG depletion (Fig. 1B). In these experiments with high 
ARG concentrations (5 g/L) its consumption per biomass was ~800-fold higher than needed 
for biomass synthesis. 
Interestingly, substantially lower acetate production per biomass was observed in 
both 4AA (8.2±0.2 mmol/gDCW) and ARG (6.7±0.7 mmol/gDCW) media during growth when 
ARG was abundant compared to YE (36.6 mmol/gDCW). Acetate production strongly 
increased after ARG depletion (46.5±11.2 and 34.5±9.3 mmol/gDCW for 4AA and ARG 
media, respectively) demonstrating that the possibility to catabolise ARG strongly reduces 
the necessity for an acetogen to produce acetate.  
The fast growth and low acetate synthesis realised through ARG supplementation is 
relevant for the biotechnology industry as diminishing carbon flux to the unwanted by-
product acetate and production of extra ATP from alternative pathways is essential for 
expanding the product spectrum of acetogens. As C. autoethanogenum is an important 
industrial syngas-fermenting biocatalyst, we next investigated whether the effects of ARG 
are also valid for autotrophic growth. 
  
3.5 Arginine boosts autotrophic growth of C. autoethanogenum 
 
For autotrophic growth experiments, C. autoethanogenum was grown anaerobically on YE-
free PETC-MES in Schott bottles with headspace pressurised to 22 psi of CO/CO2/H2 gas mix 
(composition: 50% CO, 18% CO2, 3% H2, 29% N2) either supplemented with ARG (5 g/L) or 
not (control). A similar significant growth-boosting effect of ARG was seen during 
autotrophic growth as the measured tD of 3.5±0.2 h of the ARG-supplemented culture was 
half of that of without ARG (tD=7.3±0.1 h; Fig. 2A). Cells did not show any growth in Schott 
bottles with YE-free PETC-MES supplemented with ARG and pressurised with nitrogen gas 
(Fig. 2A) showing that ARG cannot serve as the sole carbon source. 
Importantly, acetate excretion was almost abolished during autotrophic growth 
when ARG was present, whereas under control conditions significant amounts of acetate 
were formed (Fig. 2B). Acetate synthesis is a hallmark of acetogens produced by all native 
acetogen isolates and can otherwise only be avoided through process optimization 
(Abubackar et al., 2016, 2015; Richter et al., 2013) or genetic engineering (Huang et al., 
2016; Liew et al., 2016a). Thus, the near-elimination of acetate excretion with ARG 
supplementation shows that catabolism of ARG provides an alternative route for providing 
cells with sufficient ATP for growth and that metabolism can be completely reorganised by 
activating native pathways in acetogens. This raised the question as to how ARG catabolism 
provides acetogens with ATP. 
 
3.6 Arginine deiminase (ADI) pathway provides cells with extra ATP 
 
Heterotrophic cultures of C. autoethanogenum grown on 12AA medium accumulated 
ornithine concomitantly with ARG consumption (Fig. S3A). The same was seen in 4AA and 
ARG media bioreactor experiments with a high fraction of ~60% of the consumed carbon 
excreted as ornithine (Fig. 3). In addition, significant carbon flux to CO2 and also a notable 
accumulation of citrulline was detected. Other minor by-products included acetate, alanine 
and ethanol. Altogether, significant carbon fluxes to ornithine, CO2 and citrulline suggest 
that ARG was catabolised through the ADI pathway, explaining its growth-boosting effect 
through the supply of ATP (Fig. 4). Furthermore, the complete stoichiometric conversion of 
ARG into ornithine, CO2 and citrulline implies that ARG was metabolised strictly to generate 
energy and not to synthesise biomass. This is consistent with the result of no growth 
observed when only ARG was supplemented to the YE-free PETC-MES containing Schott 
bottles pressurised with N2 gas (Fig. 2A). 
The involvement of the ADI pathway in facilitating faster growth was predicted by 
the initial in silico simulations on 4AA (SIM4) and ARG (SIM5) media. The total specific ATP 
production rate (qATP; mmol ATP/gDCW/h) was predicted to be ~6-fold higher in the latter 
conditions compared to calculations with fructose as the only carbon source (SIM1). The 
same was observed when the model was constrained with experimentally determined 
substrate uptake and product secretion rates (excluding citrulline and CO2) from the 
bioreactor experiments on 4AA (SIM6 and 8) and ARG (SIM10 and 12) media: ~3-4-fold 
higher qATP than predicted solely on fructose. Thus the observed faster growth (tD~3-4 h) on 
AAs compared to the predicted growth without AA supplementation (tD~14 h) can be 
explained by significantly higher energy production from substrate-level phosphorylation 
during ARG catabolism (by carbamate kinase of the ADI pathway). Supplementation of ARG 
is also beneficial for decreasing bioprocess costs by the reduced need to neutrilise culture 
pH with base addition since a fraction of ammonia produced in the ADI pathway 
extracellularly gains a proton from water yielding hydroxide ions due to a lower extracellular 
pH. 
Although the ADI pathway is wide-spread among both anaerobic and aerobic 
microorganisms (Abdelal, 1979), we were unable to find in the literature similar effects of 
ARG catabolism through the ADI pathway on increasing the specific growth rate. There is a 
recent study where ARG supplementation to L. lactis enhanced the production of γ-
aminobutyric acid (GABA) (Laroute et al., 2016). 
 
3.7 Transcriptome analysis confirms the involvement of the arginine deiminase (ADI) 
pathway  
 
We performed transcriptome analysis using RNA-sequencing (RNA-seq) to gain confirmatory 
evidence for ADI pathway involvement at gene expression level. For this, biological duplicate 
C. autoethanogenum bioreactor cultures growing heterotrophically on 4AA medium were 
sampled during the balanced growth phase. We compared this RNA-seq dataset to the 
previously published dataset (Marcellin et al., 2016) of the same C. autoethanogenum strain 
(DSM 10061) grown heterotrophically (fructose) on the standard YE-containing PETC-MES 
medium (see section 2.5 for details). Results of transcriptome analysis are in Table S5 and 
only statistically significant expression differences (q-value<0.05) are discussed below.  
Transcriptome analysis proved the role of the ADI pathway as all ADI pathway genes 
were >500-fold up-regulated (q-values of <0.001) when cells were grown on PETC-MES 
supplemented with 4AA compared to YE (Fig. 4 and Table S5). In addition, >380-fold up-
regulation (q-values of <0.001) of putative arginine-ornithine antiporter genes 
(CAETHG_3023 and 3024) was observed. From the four genes associated with citrulline 
degradation into carbamoyl-phosphate and ornithine in C. autoethanogenum our data 
indicate that ornithine carbamoyltransferase (CAETHG_3022) is the flux-catalysing protein 
(645-fold up-regulation; q<0.001) during ARG catabolism in C. autoethanogenum as its 
isoenzymes were either down-regulated (CAETHG_0449 and 0591) or showed no change 
(CAETHG_2082) between the conditions compared (Table S5). Similarly, from the five genes 
associated with carbamoyl-phosphate degradation into CO2, the carbamate kinase of 
CAETHG_3025 seems to be the flux-catalysing protein (623-fold up-regulation; q<0.001) as 
its FPKM value is 1000-fold higher than the FPKM values for its isoenzymes (Table S5).  
Expectedly, as cells grew faster on the 4AA medium (tD=2.8±0.1 h) compared to YE-
containing PETC-MES medium (tD=9 h reported in Marcellin et al., 2016), cells expressed 
significantly more transcripts generally needed for faster growth: transcripts associated with 
ribosomal subunits (5-fold median up-regulation; q-values of <0.001), translational 
elongation factors (CAETHG_3386 14-fold, q<0.001; CAETHG_3190 2-fold, q<0.05) and 
upper glycolysis (CAETHG_0142 3-fold, q<0.001; CAETHG_2439 2-fold, q<0.01; 
CAETHG_1758 3-fold, q<0.001) (Table S5 and Fig. 5). Based on RNA-seq comparison of 
autotrophically and heterotrophically grown cells, we previously proposed (Marcellin et al., 
2016) that glyceraldehyde-3-phosphate dehydrogenase (GAPDH; CAETHG_3424) likely 
functions as a gluconeogenetic enzyme in C. autoethanogenum. Gene expression of 
CAETHG_3424 was up-regulated 25-fold (q<0.001) on 4AA medium compared to YE. As 
faster growth on 4AA medium compared to YE means a higher glycolytic flux, CAETHG_3424 
seems to be important also for glycolysis. Subsequent genes in glycolysis, CAETHG_1759, 
1757 and 1756, encoding for proteins leading to phosphoenolpyruvate were also strongly 
up-regulated (CAETHG_1759 3-fold, q<0.001; CAETHG_1757 10-fold, q<0.001; 
CAETHG_1756 7-fold, q<0.001).  
Notably, gene expression of pyruvate:ferredoxin oxidoreductase (PFOR; 
CAETHG_3029) was up-regulated (2-fold; q<0.001) in faster-growing cells (Table S5 and Fig. 
5). This can be explained by the fact that activity of the PFOR enzyme is the main source of 
reduced ferredoxin (Fd) during heterotrophic growth. This is in turn essential for NADPH 
generation by the electron-bifurcating NADH-dependent Fd:NADP oxidoreductase (Nfn; 
CAETHG_1580). Elevated NADPH generation is needed for faster biomass synthesis. 
Gene expression data can also suggest which metabolic pathways were utilised to 
catabolise the other three AAs: GLU, ASP and HIS. Although the last two enzymes (E.C. 
4.2.1.34 & E.C. 4.1.3.22) of the methylaspartate pathway have not yet been annotated in C. 
autoethanogenum, ~10-fold up-regulation of the genes of the first two steps 
(CAETHG_1904, 1905 and 1907; q-values of <0.001) indicates that this pathway was utilised 
for degrading GLU down to pyruvate and acetate (Table S5). ASP was most likely degraded 
to oxaloacetate by the aspartate transaminase enzymes CAETHG_2444 and 3417 (2- to 3-
fold up-regulation; q-values of <0.01) as their gene expression FPKM values were ~10-fold 
higher than for the two other isoenzymes (CAETHG_0933 and 2537). Notably, the 
expression of phosphoenolpyruvate carboxykinase (PEPCK; CAETHG_2721) was 21-fold 
(q<0.001) up-regulated on 4AA medium compared to YE, implying that the oxaloacetate 
derived from ASP catabolism was directed towards pyruvate through glycolysis. Transcripts 
of the only known pathway for HIS degradation in C. autoethanogenum were up-regulated 
3- to 19-fold (q-values of <0.001), yielding GLU. Altogether, transcriptome data points 
towards GLU, ASP and HIS being degraded into pyruvate. Thus the additional growth-
boosting effect of GLU, ASP and HIS on top of ARG likely comes from the higher flux of 
pyruvate to acetyl-CoA (PFOR was also up-regulated; see above) and acetate yielding much 
needed NADPH and ATP for faster biomass synthesis. This is consistent with flux patterns 
from metabolic modelling (see section 3.8). 
Regarding other statistically significant gene expression differences between growth 
on 4AA medium and YE, it is noteworthy that the bifunctional aldehyde/alcohol 
dehydrogenase (AdhE; CAETHG_3747) was up-regulated 12-fold (q<0.001) while 
aldehyde:Fd oxidoreductase (AOR; CAETHG_0092) was down-regulated 56-fold (q<0.001) 
(Table S5 and Fig. 5). This could indicate that on 4AA medium ethanol was mostly produced 
directly from acetyl-CoA, and less reduced Fd was needed to be recycled through AOR. 
Although ARG catabolism through the ADI pathway could lead to more CO2 fixation using 
the Wood-Ljungdahl pathway (WLP), 2- to 9-fold down-regulation (q-values of <0.001) of 
WLP genes was measured on 4AA medium (Table S5 and Fig. 5). Lastly, 35-fold (q<0.001) up-
regulation of an NADPH dehydrogenase (CAETHG_0482) was also detected, potentially 
providing faster-growing cells with more NADPH. 
 
3.8 Genome-scale modelling shows elevated energy production from amino acid catabolism 
 
In addition to the ability to predict phenotypes, GEMs can also be used to estimate 
intracellular metabolic flux patterns and calculate carbon, redox and energy balances by 
constraining the model with experimentally measured data (Bordbar et al., 2014; Dash et 
al., 2016; O’Brien et al., 2015). In this study, we performed such an analysis for the 
heterotrophic experiments on 4AA and ARG media by performing FBA calculations using our 
GEM iCLAU786. The model was additionally constrained with specific substrate uptake and 
product secretion rates (excluding citrulline and CO2), and the cellular tD. Maximisation of 
ATP dissipation (i.e. unaccounted ATP costs; see below) was used as the objective function 
to perform FBA (no maintenance energy costs were included here). 
As noted above, fast growth on 4AA and ARG media was facilitated by the ~3- to 4-
fold higher qATP (29.3±5.5 and 19.9±1.0 mmol ATP/gDCW/h for 4AA and ARG, respectively; 
SIM6 and 8, and SIM10 and 12) compared to the value of 6.8 mmol ATP/gDCW/h predicted 
for growth solely on fructose (SIM1). Furthermore, the faster growth observed on 4AA 
compared to ARG medium could be explained by the 2-fold higher specific flux through the 
ATP-producing acetate kinase reaction (Fig. 6; Tables S2 and S4). However, on both media 
~53% of ATP was produced via the ADI pathway (Fig. 6) which shows that ARG catabolism 
completely reorganised energy metabolism. Interestingly, although ARG consumption is 
favoured in many bacteria (Abdelal, 1979; Adamberg et al., 2006; Lahtvee et al., 2011; 
Mehmeti et al., 2011), its contribution to energy production can be high (Abdelal, 1979; 
Adamberg et al., 2006; Crow and Thomas, 1982) or very low (Even et al., 2003; Lahtvee et 
al., 2014) depending on the conditions (e.g. sugar-to-ARG ratio, substrate-limited or excess 
growth). 
Due to the energy-limited nature of acetogenic metabolism, it is interesting to 
compare the fraction of produced energy devoted to unaccounted ATP costs (maintenance 
+ unknown ATP costs) from total ATP production. Unaccounted ATP costs are costs beyond 
those needed to synthesise cellular macromolecular components once (Feist et al., 2007). 
Such costs can be calculated by the model as costs beyond ATP needed in the metabolic 
reaction network. They include polymerisation of monomers, turnover of cellular 
macromolecules (e.g. proteins), futile cycles and re-establishment of ion gradients amongst 
others (van Bodegom, 2007; Wodke et al., 2013). 
The percentage of unaccounted ATP costs from total ATP production were 78±2% 
and 72±0% for growth on 4AA and ARG media, respectively (Table S2). These values are 
similar to other reports excluding polymerisation costs from the metabolic network: ~80% 
in L. lactis (Lahtvee et al., 2014) and Mycoplasma pneumoniae (Wodke et al., 2013). 
Accounting for approximate monomer polymerisation costs (Ingraham et al., 1983) still 
leaves ~60% of the produced ATP unaccounted for, in accordance with previous reports 
(Stouthamer, 1973; Teusink et al., 2006; Valgepea et al., 2011). Such analysis needs to be 
further performed under autotrophic conditions to understand if this level of "energy 
spilling" is inevitable even for such energy-limited bacteria. 
Comparing the flux patterns on 4AA and ARG media showed that the growth-
boosting effect of ASP, GLU and HIS comes from their degradation into acetate and possibly 
into biomass precursor metabolites (Table S4). GLU was catabolised to pyruvate and acetate 
through the methylaspartate pathway, which is also used by other anaerobic Clostridia 
(Buckel and Barker, 1974). This is consistent with the fact that C. autoethanogenum can 
grow solely on GLU (Abrini et al., 1994). ASP was degraded to oxaloacetate using aspartate 
transaminase and into biomass monomers methionine and serine through homoserine. HIS 
was degraded to GLU through four reactions (Table S4). This additional pool of GLU from HIS 
was also catabolised through the methylasparate pathway, leading to increased production 
of reduced Fd from pyruvate by PFOR and ATP from acetate production (ca. doubled fluxes 
in 4AA compared to ARG media; Table S2). These flux patterns are consistent with 
transcriptomics data as described above and show that metabolism is energy-limited in C. 
autoethanogenum as it prefers AAs which contribute to energy generation. 
We also analysed what could be the predicted optimal flux pattern during 
heterotrophic growth on fructose and AAs when constraining our model only with the 
experimentally measured substrate uptake rates and unaccounted ATP costs calculated 
previously. We maximised both biomass yield and flux through the ARG/ornithine antiport 
complex to avoid ornithine re-consumption which was not observed experimentally (Fig. 
S3A). These calculations predicted faster growth (4AA medium tD=1.9±0.2 h, SIM7 and 9; 
ARG medium tD=3.0±0.0 h, SIM 11 and 13) compared to experimental values (tD=2.8±0.1 h 
and tD=3.7±0.0 h, respectively). When looking at the flux distribution of the main metabolic 
pathways of C. autoethanogenum, it can be seen that the main difference between the 
predicted and observed by-product and flux patterns was that the model did not predict 
ethanol and alanine production (Fig. 5; Table S2). Lack of ethanol prediction is especially 
important to address as it is the main metabolic end-product besides acetate in C. 
autoethanogenum (Abrini et al., 1994; Köpke et al., 2014, 2011). Thus further refining of the 
GEM, analysis of more datasets and incorporation of other layers of metabolism (e.g. 
thermodynamics, transcriptional and translational regulation) are needed for a better 
understanding and prediction of metabolism of gas-fermenting acetogens. 
 
4. Conclusion 
A GEM was used for determining alternative ATP-producing pathways in a gas-fermenting 
acetogen. In silico analysis revealed that ARG could supply enough ATP to support fast 
growth and abolish acetate production. The apparent growth-stimulating effects of ARG 
were confirmed through modelling, metabolomics and transcriptomics analyses which 
revealed that the arginine deiminase pathway is able to supply enough ATP to abolish 
acetate production. This shows that the native product spectrum of an acetogen can be 
rewired even without process optimization or genetic engineering, and offers a potential 
way for supplying cells with ATP. Although the economic relevance of the production of 
ATP-intensive compounds using industrial gas fermentation needs to be addressed, we 
believe that the systems biology approach used here could lead to further strategies for 
reorganising acetogenic metabolism. 
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Figure captions  
Fig. 1. Heterotrophic growth of C. autoethanogenum on standard PETC-MES with YE, 4AA or 
ARG media with fructose. (A) Growth curves and residual fructose concentrations for the 
following media: (▲) OD PETC-MES with YE, (○) OD 4AA, (●) OD ARG medium; (□) fructose 
4AA, ( ) fructose ARG medium. (B) Link between the presence of arginine (ARG) and 
doubling time on ARG medium. (●) OD, (○) residual ARG, (▲) doubling time. OD, optical 
density determined spectrophotometrically at 600 nm. Growth curve of one duplicate 
culture is shown only until ARG is depleted. 
 
Fig. 2. Autotrophic growth of C. autoethanogenum on YE-free PETC-MES and CO/CO2/H2 gas 
mix, CO/CO2/H2 gas mix and arginine (ARG) or nitrogen (N2) gas. (A) Growth curves for: (○) 
CO/CO2/H2 gas mix and ARG, (●) CO/CO2/H2 gas mix, (▲) N2 gas. (B) Acetate accumulation 
during growth on (○) CO/CO2/H2 gas mix and ARG, (●) CO/CO2/H2 gas mix. OD, optical 
density determined spectrophotometrically at 600 nm. Gas composition: 50% CO, 18% CO2, 
3% H2, 29% N2. Error bars denote standard deviation between duplicate cultures. 
 
Fig. 3. Carbon balance of heterotrophic growth of C. autoethanogenum on 4AA and ARG 
media. (A) 4AA medium with 100% carbon recovery. (B) ARG medium with 118% carbon 
recovery. Carbon balances shown for one duplicate culture. 
 
Fig. 4. Arginine deiminase (ADI) pathway with gene expression changes between 
heterotrophic growth of C. autoethanogenum on 4AA or standard PETC-MES with YE media 
and fructose. Green font denotes gene expression fold-change up-regulation calculated as 
the ratio of FPKM values on 4AA and standard PETC-MES with YE media. See section 3.7 for 
details.  
 
Fig. 5. Metabolic flux distributions during heterotrophic growth of C. autoethanogenum on 
ARG medium and fructose. Blue bars represent experimental fluxes calculated by 
constraining the genome-scale model with experimental data of substrate uptake, 
production secretion rates and cellular doubling time while maximising unaccounted ATP 
costs (SIM 10 and 12 in Table S4); red bars represent optimal fluxes calculated by 
constraining the genome-scale model with experimental data of substrate uptake rates and 
unaccounted ATP costs while maximising for biomass yield (SIM 11 and 13 in Table S4). 
Refer to section 3.8 for details. Flux values for one duplicate culture are shown. Flux 
directions are shown as per calculation results. Colour of arrows denotes gene expression 
change between heterotrophic growth of C. autoethanogenum on 4AA or standard PETC-
MES with YE media and fructose: green, up-regulation; red, down-regulation; blue, no 
change. Only statistically significant (q-value<0.05) fold-changes higher than 2 are coloured. 
Refer to Table S5 for all gene expression data. 
 
Fig. 6. Distribution of ATP production during heterotrophic growth of C. autoethanogenum 
on 4AA or ARG media with fructose. Refer to Table S4 for the stoichiometry of the specific 
reactions. 
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